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ABSTRACT The outcome of cryptococcal pneumonia correlates with local macrophage polarization status, as Ml and M2 polar- 
ization marks protective and nonprotective responses, respectively. Overall, pulmonary macrophage polarization status changes 
over time during a cryptococcal infection. This could have been caused by repolarization of individual macrophages or by a re- 
placement of M2-polarized cells by new Ml -polarized cells. To explore the ability of macrophages to change between polariza- 
tion states, we conducted a series of experiments using in vitro macrophages. Coculture of macrophages with Cryptococcus neo- 
formans resulted in development of a weak Ml -like phenotype, with modestly increased inducible nitric oxide synthase (iNOS) 
but lacking interleukin 6 (IL-6) induction. The C. neoformans-induced Ml -like polarization state was plastic, as macrophages 
stimulated first with C. neoformans and then with gamma interferon (IFN-y) or IL-4 expressed mRNA polarization patterns 
similar to those stimulated with cytokines alone. To further evaluate macrophage polarization plasticity, cytokine stimulatory 
conditions were established which fully polarized macrophages. IFN-y and IL-4 stimulation differentially induced complete Ml 
and M2 polarization, defined by differential expression of marker mRNA panels, surface marker expression, and tumor necrosis 
factor alpha (TNF-a) protein production. Switching IFN-y- to IL-4-stimulating conditions, and vice versa, resulted in uniform 
changes in profiles of polarization marker genes consistent with the most recent cytokine environment. Furthermore, the ability 
of sequentially stimulated macrophages to inhibit C. neoformans reflected the most recent polarizing condition, independent of 
previous polarization. Collectively, these data indicate that M1/M2 macrophage polarization pheno types are highly plastic to 
external signals, and interventions which therapeutically repolarize macrophages could be beneficial for treatment of cryptococ- 
cosis. 

IMPORTANCE Our studies reveal how a major opportunistic fungal pathogen, Cryptococcus neoformans^ interacts with macro- 
phages, immune cells which can ingest and kill invading pathogens. Macrophages play a crucial role in the pathogenesis of cryp- 
tococcal infection, as their polarization phenotype determines the outcome of the battle between the infected host and C. neofor- 
mans. This study suggests that dynamic changes in polarization of macrophages at the level of individual cells are an important 
characteristic of in vivo cryptococcosis, as they occur throughout the natural course of infection. We demonstrate that macro- 
phages can rapidly and uniformly reverse their polarization phenotype in response to dynamic signaling conditions and lose or 
regain their fungicidal function. Demonstrating importance of these pathways may become a cornerstone for novel therapeutic 
strategies for treatment of cryptococcosis in both immunocompromised and immunocompetent patients. 
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Cryptococcus neoformans is an opportunistic yeast pathogen and 
a leading cause of mortality in immunocompromised individ- 
uals. The yeast primarily infects the host lungs and subsequently 
disseminates into the central nervous system, where it can cause 
grave pathologies, including death (1-3). C. neoformans infection 
occurs most frequently in immunocompromised individuals, but 
a significant proportion of infections still occur in noncompro- 
mised individuals (4-6). 

The clinical outcome of C. neoformans infection is highly de- 
pendent on the adaptive host immune response. In favorable cir- 
cumstances, hosts mount a Thl -dominated immune response as- 
sociated with high levels of gamma interferon (IFN-y), resultant 



Ml macrophage polarization bias, and Ml macrophage - 
associated fungicidal activity (7-11). The antimicrobial properties 
of Ml macrophages are linked to upregulation of enzymes that 
generate microbicidal factors, including inducible nitric oxide 
synthase (iNOS) that generates nitric oxide from L-arginine (12- 
15). 

In contrast, M2 macrophages are typically found in Th2- 
dominated responses (16, 17), as the Th2 -driving interleukin 4 
(IL-4) is a strong inducer of M2 polarization (7, 9, 18). During 
C. neoformans infections, the M2 cells cannot contain cryptococ- 
cal replication (9, 18, 19). One explanation is that the M2 cells do 
not upregulate iNOS but upregulate arginase (Arg-1), which uti- 
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lizes L-arginine via a nonfungicidal pathway. Other genes induced 
by M2 cells include the chitinase-like proteins Ym- 1 and Ym-2 
and Fizz (also called Relm-a) (20-22). Apart from the potential to 
harbor and propagate the C. neoformans in the infected host, the 
infected M2 might contribute to cryptococcal dissemination (11, 
23-25). Thus, macrophages and their polarization status are the 
key factors in anticryptococcal defenses, which determine control 
versus progression of C. neoformans infection. 

A recent study demonstrated that the lung immune polariza- 
tion environment changes over time in a model of chronic C. neo- 
formans infection using C57BL/6 mice (26). The in vivo cytokine 
profile in C. neoformans-infected lungs changed from an IL-4- 
dominated to an IFN-y-dominated response over several weeks, 
with a corresponding shift in the overall macrophage polarization 
from M2 to Ml (26). The mechanism of this repolarization pro- 
cess is unknown. Whether the initially recruited and polarized 
macrophages can be repolarized in the target organ or need to be 
replaced by newly recruited/polarized cells is a subject of ongoing 
debate. Thus, we sought to determine if by changing the cytokine 
environment, M2 -polarized macrophages could be diverted to- 
ward the Ml phenotype and regain their fungicidal potential. Our 
data show that in vitro macrophage polarization is phenotypically 
and functionally plastic in response to changing cytokine and 
fungus -sensing environments and that in vitro macrophage fun- 
gicidal potential is determined by the final stimulus independent 
of any previous stimulation. 

RESULTS 

Cryptococcus neoformans infection in BALB/c mice results in 
dynamic shifts in pulmonary macrophage polarization. To de- 
termine if changes in macrophage polarization status were not 
uniquely restricted to the C57BL/6 mouse infection model (26), 
the kinetics of in vivo macrophage polarization were evaluated in 
BALB/c mice following intratracheal infection with 10 4 CFU of 
C. neoformans 24067. In this model, all BALB/c mice survive, and 
the clearance dynamics are well established (27-30). Briefly, 
C. neoformans expands to a high titer by week 1 (6.3 to 6.9 log 
CFU), plateaus at week 2, and is gradually cleared, reaching the 
initial inoculum level by week 6 (27, 28, 30). The mRNA expres- 
sion of the primary Ml and M2 polarization markers, iNOS and 
Arg-1, was evaluated in adherence-enriched macrophages from 
C. neoformans-infected mouse lungs. At 1 week postinfection, the 
pulmonary macrophages were strongly M2 polarized, as they ex- 
pressed high levels of Arg- 1 mRNA and very low levels of iNOS 
mRNA (Fig. 1A and B). At 3 and 4 weeks postinfection, the overall 
polarization of macrophages shifted to Ml as iNOS expression 
increased and Arg-1 expression decreased (Fig. 1A and B). Finally, 
macrophage polarization appeared to be returning toward unin- 
fected baseline at 5 weeks postinfection, with the expression levels 
of both marker genes as well as their relative ratio approaching 
baseline levels (Fig. 1A). Thus, at the population level, in vivo 
pulmonary macrophage polarization status evolves from resting 
to M2 polarization to Ml polarization and then back to resting 
levels (Fig. lAandB). 

Cryptococcus neoformans induces only weak macrophage 
polarization. We next evaluated the direct effect of C. neoformans 
on in vitro M1/M2 macrophage polarization. For these studies, 
RAW 264.7 macrophages were incubated for 24 h with nonim- 
mune mouse serum-opsonized or unopsonized live C. neoformans 
208821 (15, 19, 31). Unopsonized cryptococci did not have any 




0 1 2 3 4 5 

weeks post infection 




weeks post infection 

FIG 1 Macrophage polarization is dynamically altered during infection with 
C. neoformans in vivo. BALB/c mice were infected intratracheally with 10 4 live 
C. neoformans cells. Lung macrophages isolated at the indicated time points 
postinfection were analyzed by qPCR for mRNA expression of iNOS and Arg- 1 
genes, marker genes for Ml and M2 polarization, respectively. (A) A plot 
comparing the kinetics of Arg- 1 and iNOS expression by pulmonary macro- 
phages. Symbols indicate expression as average percent GAPDH. (B) A plot of 
the average ratio of Arg- 1 expression to iNOS expression. The dashed line 
indicates the baseline expression ratio. In both plots, the symbols depict data 
from at least 4 mice per time point, and error bars denote SEMs. Note that the 
polarization of these macrophages evolves over time. 

effect on expression of any macrophage polarization genes, even at 
higher multiplicities of infection (MOI). Serum opsonization re- 
sulted in a modest but dose-dependent induction of iNOS com- 
pared to that of unstimulated cell cultures (Fig. 2A), such that the 
effect was mostly visible at the highest dose of the yeast. This in- 
creased iNOS expression was not accompanied by any increased 
expression of the IL-6 Ml cytokine or the Arg-1 and Ym-2 M2 
marker genes (Fig. 2A). These results were further validated in 
bone marrow- derived macrophages (BMM) pulsed with serum- 
opsonized C. neoformans. Consistent with the data in RAW cells, 
compared to unstimulated BMM there was a weak upregulation of 
iNOS in yeast- stimulated BMM which was much less than that 
induced by IFN-y (Fig. 2B). Likewise, no change in IL-6 or Ym-2 
expression was observed in C. neoformans-pulsed BMM. How- 
ever, compared to unstimulated BMM, there was a weak upregu- 
lation of Arg-1 expression in yeast- stimulated BMM, which was 
much less than that induced by IL-4 (Fig. 2B). Thus, the 24-h 
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FIG 2 Interaction with encapsulated C. neoformans cells is insufficient to drive Ml -type polarization 
of RAW macrophages. C. neoformans yeast cells were rinsed thoroughly and opsonized with normal 
mouse serum (NMS) or left unopsonized. Wild-type C. neoformans cells were then fed to RAW mac- 
rophages (A) or BMM (B) at 1, 5, or 10 yeast cells per macrophage, as indicated. Twenty-four hours 
later, macrophage mRNA was harvested and subsequently analyzed for the indicated Ml or M2 marker 
genes by RT-PCR and gel electrophoresis (A) or qPCR (B). Data in panel A are representative images 
from three independent experiments. Data in panel B are data combined from 6 experiments. *, P < 
0.05, and **, P < 0.005, in comparisons between the indicated data and the unstimulated control. Note 
that the macrophages stimulated with C. neoformans only weakly upregulate polarization genes. 



interaction between unopsonized or serum- opsonized C. neofor- 
mans and macrophages was insufficient to induce robust Ml or 
M2 polarization in vitro. 

Cryptococcus neoformans-stimulated macrophages can be 
converted to M1/M2 polarization by in vitro IFN-y/IL-4 stimu- 
lation. Direct sensing of C. neoformans by macrophages in vitro 
resulted in very weak macrophage polarization (Fig. 2), while 
macrophages in C. neoformans-mfected lungs were found to be 
strongly M2 polarized in vivo at weeks 1 and 2 (Fig. 1), suggesting 
that direct C. neoformans-mediated polarization is not the major 
driver of local immune polarization in the infected lungs and that 
other signals are likely to be important. As secreted cytokines are a 
major factor in immune polarization, the ability of cytokines to 
modulate C. neoformans-mediated polarization in vitro was eval- 
uated. Macrophages were stimulated with live serum- opsonized 
C. neoformans for 24 h and then subsequently stimulated with 
cytokines. Results show that IL-4 cytokine signaling modulates the 
C. neoformans-indaced polarization, as macrophages stimulated 
with C. neoformans followed by IL-4 (right four lanes of Fig. 3A) 
expressed an M2 polarization pattern with high Arg-1 and low 
iNOS expression which was similar to the polarization pattern 
displayed by control cells stimulated with IL-4 alone (left two 
lanes of Fig. 3A). C. neoformans stimulation appeared not to in- 
fluence the IFN-y- induced response; the cells stimulated first with 
C. neoformans and then with IFN-y (right four lanes of Fig. 3B) 



expressed uniformly high levels of iNOS 
compared to those of control cells stim- 
ulated with IFN-y alone (left two lanes 
of Fig. 3B). Thus, macrophages could 
change their weak polarization state in- 
duced by C. neoformans alone to a pro- 
foundly Ml- or M2-polarized state under 
cytokine stimulation, demonstrating that 
exogenous cytokine signal can dominate 
the direct effects of the microbe on in vitro 
macrophage polarization status. 

Arg-1, YM-2, and iNOS mRNA ex- 
pression precisely reflects the overall po- 
larization status. To further evaluate 
modulation of macrophage polarization, 
cytokine stimulatory conditions were first 
established to fully polarize macrophages 
in vitro to Ml or M2. Twenty-four hours 
of IFN-y stimulation increased both 
iNOS and IL-6 expression and decreased 
mannose receptor mRNA expression be- 
low the baseline expression in RAW mac- 
rophage cultures (Fig. 4A). In contrast, 
24 h of IL-4 stimulation increased Arg-1, 
mannose receptor, and Fizz expression 
(Fig. 4A). These data indicate that these 
culture conditions resulted in complete 
Ml and M2 polarization following the 
treatment with IFN-y and IL-4, respec- 
tively (7, 9, 26). 

The extent of Ml polarization by 
IFN-y and M2 polarization by IL-4 was 
further confirmed at the protein expres- 
sion level. Macrophages were stimulated 
with IFN-y or IL-4 or left unstimulated, 
and culture supernatants were examined for secretion of the Ml- 
associated cytokine tumor necrosis factor alpha (TNF-a). Cul- 
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FIG 3 Crypto co ecus-mediated polarization is superseded by exogenous cyto- 
kine signals in vitro. RAW macrophages were first pulsed with NMS-opsonized 
(right two lanes of each panel) or unopsonized C. neoformans (middle two 
lanes) or no particle controls (left two lanes) and incubated for 24 h and then 
stimulated with IL-4 (A) or IFN-y (B) for a second 24-h period. The mRNA 
expression for iNOS (Ml) or Arg-1 (M2) was analyzed by RT-PCR. Data are 
representative images from three independent experiments. Note that C. neo- 
formans-medmted polarization can be superseded by subsequent IL-4 signal- 
ing. 



May/June 2013 Volume 4 Issue 3 e00264-13 



Bio mbio.asm.org 3 



Davis et al. 



IFN-y IL-4 



B. 



iNOS 
Arg-1 

MR 

Fizz 

IL-6 

TNF-a 

(3-actin 



1400 
1200 
if 1000 
^ 800 
"§> 600 

Q. 

400 
200 
0 




no stim IFN-y IL-4 



CD80 



C 100 ~ 

80- 






60 






40 






20- 
0 


j 

/ 
i 
J 


1 1 




CD86 


100 






80 






60 






40- 




I 


20 
0 







l-Ad(MHCII) 



A A 






ll 


— No stim 




— IL-4 


I 


IFN-y 









H-2kd(MHCI) 

A 




10° 10 1 10 2 10 3 10 4 10° 10 



FIG 4 IFN-y and IL-4 stimulation of RAW macrophages in vitro results in 
gene transcription, protein expression, and surface antigen expression consis- 
tent with polarized M 1 versus M2 profiles. RAW macrophages were stimulated 
with 100 ng/ml IFN-y or 20 ng/ml IL-4 or cultured in control medium (no 
stim) for 24 h. The expression of the indicated genes was measured by RT-PCR 
(A) or flow cytometry (C), while TNF-a: secretion of the RAW cells was mea- 
sured by ELISA using the culture supernatants (B). Note that "MR" in panel A 
refers to expression of mannose receptor (CD206), and panels A and C are 
representative data from three independent experiments. The data in panel B 
are cumulative, with n > 20 experimental replicates. *, P < 0.05; **, P < 0.005. 



tures stimulated with IFN-y secreted high levels of TNF-o:, while 
those stimulated with IL-4 or left unstimulated did not (Fig. 4B). 
Note that the observed differences in TNF-o: secretion (Fig. 4B) 
are much greater than the observed changes in mRNA (Fig. 4A), 
which is consistent with previously published data indicating 
posttranscriptional regulation as the rate-limiting step for TNF-o: 
secretion (32-35). The final confirmation was performed by anal- 
ysis via flow cytometry, in which macrophages stimulated with 
IFN-y showed substantial upregulation of major histocompatibil- 
ity complex class I (MHC-I), MHC-II, and CD80, all cell surface 
markers for Ml polarization in murine macrophages (10) 
(Fig. 4C). Thus, incubation of macrophages in IFN-y or IL-4 for 
24 h resulted in complete in vitro Ml or M2 polarization, respec- 
tively. 

Cytokine-induced macrophage polarization patterns are 
similar between macrophage types. To verify that these in vitro 
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FIG 5 Cytokine stimulation induces similar changes in Ml and M2 gene 
induction in RAW murine macrophage cell line and primary macrophage 
cultures. (A) RAW 264.7 cell line macrophages (RAW 264.7), M-CSF- 
differentiated bone marrow- derived macrophages (BMM M-CSF), and pri- 
mary alveolar macrophages (AM) were stimulated with 100 ng/ml IFN-y or 
20 ng/ml IL-4 or left unstimulated ( — ) for 24 h. mRNA was harvested from 
cells and analyzed by RT-PCR. Note that all these macrophage types responded 
to IFN-y by increased iNOS expression and to IL-4 by inducing Arg-1 and 
Ym-2, consistent with Ml and M2 polarization, respectively. Data are repre- 
sentative images from three independent experiments. (B) M-CSF BMM were 
stimulated, and mRNA was harvested. Gene expression was analyzed quanti- 
tatively using qPCR and expressed as fold change. Error bars in panel B repre- 
sent SEMs from data pooled from 6 experiments. *, P < 0.05; **, P < 0.005. 



effects follow the same pattern in different types of macrophages, 
the RAW macrophage cell line, macrophage colony- stimulating 
factor (M-CSF) -differentiated BMM, and primary isolated mouse 
alveolar macrophages were stimulated with IFN-y or IL-4 or left 
unstimulated, and gene expression patterns were compared. The 
resting gene expression patterns were largely similar between cell 
types; each of the macrophage subsets had a minimal difference in 
a baseline expression of iNOS, Arg-1, and Ym-2 (Fig. 5A). While 
resting alveolar macrophages expressed no detectable iNOS, rest- 
ing RAW cells and, to a lesser degree, BMM expressed a low but 
detectable level of iNOS (Fig. 5A). Stimulation with IFN-y for 24 h 
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FIG 6 Cytokine-induced Ml versus M2 macrophage polarization profiles are plastic and thus reflect the most recent stimulus. RAW macrophages were 
incubated with the indicated primary stimulus, either IL-4 or IFN-y, or no stimulus for 24 h. Cultures were then split and stimulated with the indicated secondary 
stimulus, IL-4 or IFN-y. After 24 h of secondary stimulation, cells were harvested and mRNA was collected and analyzed for the indicated genes by RT-PCR (A) 
or fixed and stained with antibodies specific for iNOS and Arg- 1 (B). Note that gene expression in all the assayed cultures more closely resembled cells stimulated 
only with the last (second) stimulus than those cultures stimulated only with the first stimulus. Data are representative images of three (A) or two (B) independent 
experiments. 



increased iNOS expression in all types of macrophage without 
induction of Arg-1 or Ym-2, consistent with Ml polarization 
(Fig. 5A). Macrophages stimulated with IL-4 exhibited baseline or 
reduced iNOS expression and induced Arg-1 and Ym-2, consis- 
tent with M2 polarization (Fig. 5A). These results were confirmed 
quantitatively by analyzing expression levels in IFN-y- or Un- 
stimulated BMM using quantitative PCR (qPCR). IFN-y- 
stimulated BMM induced the iNOS Ml marker gene, and Un- 
stimulated BMM induced the Arg-1, Fizz, and Ym-2 M2 marker 
genes (Fig. 5B). Thus, regardless of small differences in the base- 
line expression of major Ml and M2 hallmarks, all macrophage 
types demonstrated similar in vitro responses to IFN-y and IL-4 
stimulation. 

Cytokine-induced macrophage polarization changes dy- 
namically to match the changes in the cytokine environment in 
vitro. While some in vitro plasticity was observed in C. neofor- 
raans-mediated macrophage polarization followed by cytokine 
stimulation (Fig. 3), C. neoformans was not a strong inducer of 
macrophage polarization (Fig. 2). Thus, we examined in vitro po- 
larization plasticity in a cytokine polarization model which fully 
polarized macrophage cultures (Fig. 4). Macrophage cultures 
were initially polarized to Ml or M2 with IFN-y or IL-4 or left 
unstimulated for 24 h. These cultures were then divided, and each 
portion was stimulated with either IL-4 or IFN- y for a second 24-h 
period. Independent of the initial polarization, macrophages 



treated with IFN-y during the second 24-h incubation strongly 
upregulated iNOS, while the expression of Arg-1 and Ym-2 M2 
markers resembled the baseline levels (Fig. 6A). Similarly, macro- 
phages stimulated with IL-4 upregulated the Arg-1 and Ym-2 M2 
marker genes, regardless of their initial Ml or M2 polarization 
(Fig. 6A). Thus, macrophages respond to changes in cytokine en- 
vironment in vitro by altering their mRNA expression of M1/M2 
marker genes. 

To confirm these outcomes at a protein level and to determine 
if the changes in protein expression have occurred uniformly 
across the entire macrophage population, cells were sequentially 
stimulated as described for Fig. 4A and examined by immunoflu- 
orescence microscopy with antibodies specific for Arg-1 and 
iNOS. Consistent with mRNA expression outcomes (Fig. 6A), 
cells stimulated second with IL-4 expressed higher Arg-1 levels 
(Fig. 6B, left side, red), while those stimulated second with IFN-y 
expressed higher levels of iNOS (Fig. 6B, right side, green), inde- 
pendent of initial stimulation. Of note, staining levels were uni- 
form in most cells within the same condition, indicating that the 
mRNA expression patterns measured in Fig. 4A resulted from 
changes across the entire populations and not increased expres- 
sion of Ml and M2 genes each in a different cell subset. Thus, in 
vitro cytokine-induced macrophage polarization can be reversed 
in the same cell, resulting in Ml or M2 polarization that reflects 
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FIG 7 Ml versus M2 polarization plasticity in vitro is reflected by fungicidal activity of macrophages. BMM were stimulated for 24 h with IL-4 or IFN-y or left 
unstimulated. These cultures were divided into subgroups and restimulated with IL-4 or IFN-y. After 24 h of secondary stimulation, cells were harvested, and 
mRNA was collected and analyzed for the indicated genes by qPCR (A to D) or BMM were then incubated with NMS- opsonized C. neoformans. After another 
24 h, the culture supernatants were reserved and analyzed for nitric oxide production by Griess reaction E, and the yeast cells were collected by lysing the 
macrophages and enumerated (F). In panel F, the data on the y axis is the percent inhibition calculated as described in Materials and Methods. Error bars 
represent SEMs. Graphs in panels A to F are cumulative from 6 experiments. Note that raw CFU data from each independent experiment in panel F displayed 
statistically significant P values between the comparisons, which are noted in panel F. * , P < 0.05; **, P < 0.005. 



the most recent signaling environment rather than any initially 
acquired macrophage polarization status. 

Plasticity of Ml versus M2 macrophage polarization is re- 
flected by quantitative changes in gene expression and macro- 
phage fungicidal activity. Ml -polarized macrophages inhibit 
C. neoformans growth more efficiently than resting or M2- 
polarized macrophages (7-9, 14, 15, 19, 22). Our final goal was to 
evaluate if plastic changes in macrophage polarization phenotype 
translated into corresponding fungicidal activity in vitro. To in- 
crease translational value of this model, macrophage polarization 



plasticity was tested in BMM. M1/M2 marker gene mRNA expres- 
sion levels were analyzed quantitatively from BMM stimulated 
sequentially with IFN-y or IL-4 as described for Fig. 6. Macro- 
phages stimulated second with IFN-y expressed higher iNOS lev- 
els, while macrophages stimulated second with IL-4 expressed 
high levels of the Arg- 1, Fizz, and Ym-2 M2 marker genes (Fig. 7 A 
to D). These data are consistent with Fig. 6 and support the plas- 
ticity of primary macrophage polarization. 

Lastly, we extended our studies of macrophage polarization 
plasticity to measurements of fungicidal activity. Macrophages 
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were sequentially stimulated as described for Fig. 6 and 7 A and 
then pulsed with live C. neoformans. Consistent with Fig. 7 A to D, 
macrophages stimulated second with IFN-y produced dramati- 
cally more nitric oxide than unstimulated cells or those stimulated 
second with IL-4, again independent of any initial stimulus 
(Fig. 7E). The microbial growth inhibition by macrophages was 
measured at 24 h relative to yeast growth in medium alone. Inde- 
pendent of any previous stimulation, macrophages with second- 
ary IFN-y stimulation inhibited yeast growth more efficiently 
than those with secondary IL-4 treatment (Fig. 7F). Furthermore, 
all cultures treated last with IFN-y showed equally high levels of 
fungal inhibition, while all the cultures treated last with IL-4 
showed equally low fungicidal activity comparable to that of non- 
stimulated macrophages. Thus, macrophages display microbici- 
dal plasticity in response to changes in the external cytokine milieu 
in vitro and in concert with the corresponding changes in M1/M2 
marker gene expression. 

DISCUSSION 

These data, for the first time, demonstrate that in vitro macro- 
phages are capable of complete repolarization from M2 to Ml and 
vice versa in response to changes in the cytokine environment. 
These changes in macrophage polarization are rapid and occur at 
the levels of gene expression, protein, metabolite, and microbici- 
dal activity. We also show that the cytokine environment reverses 
the direct effect of C. neoformans on macrophage polarization, 
indicating that extrinsic factors, such as cytokines, are stronger in 
driving macrophage polarization than direct interactions with the 
microbe itself. This information has important implications for 
understanding the mechanisms of clearance versus long-term per- 
sistence of C. neoformans infection and could be applicable for the 
development of new therapeutic strategies. 

Although clearance of C. neoformans depends on the develop- 
ment of protective T-cell-mediated immunity, macrophages are 
the distal effectors, which either execute fungicidal function or 
promote intracellular persistence of C. neoformans. It has been 
widely accepted that Ml -polarized macrophages are effective fun- 
gicidal cells, while M2 macrophages are not (7-9, 22, 30, 36). 
Previous studies suggested that macrophages remain responsive 
to sequential cytokine signals (37). Our novel data now clearly 
demonstrate that a complete plastic reversal of macrophage po- 
larization from M2 to Ml and vice versa is possible. Initial, 24-h 
stimulation with IFN-y or IL-4 in vitro resulted in complete Ml or 
M2 polarization, respectively, as evidenced by uniform induction 
of the applicable marker genes (Fig. 4) and by the induction of 
fungistatic ability in the M 1 -polarized macrophages but not in the 
M2 cells. The latter point is evidenced by the macrophages stim- 
ulated with IFN-y or IL-4 alone (Fig. 7E and F; bars with "no 
cytokine" listed as initial stimulation). This initial polarization 
was completely reversed after secondary stimulation using the op- 
posite polarizing cytokine (Fig. 6 and 7), as gene expression was 
consistent with the secondary polarizing cytokine and indepen- 
dent of initial stimulus. More importantly, reversal of marker 
genes was accompanied by the total reversal of macrophage fun- 
gistatic potential (Fig. 7F), verifying that polarization reversal was 
complete. This is the first published evidence that macrophage 
polarization plasticity extends to microbicidal activity (Fig. 7F). 
This is especially relevant, as microbicidal activity was the original 
defining characteristic of activated macrophages (20, 21, 38), later 
termed classically activated or Ml macrophages. 



Our previous study demonstrated that macrophage M1/M2 
polarization status in the lungs can evolve during the course of 
cryptococcal infection, mimicking the published changes in 
lung cytokine profiles (23). However, it is unknown whether 
overall polarization of lung macrophages can be achieved with- 
out "repopulation" of the infected lungs with new cells from 
blood monocytes. Our data show that M1/M2 polarization sta- 
tus can be rapidly induced and completely reversed within 24 h, 
by exchanging M2 with Ml -driving cytokines and vice versa. 
This rapid reversal of macrophage polarization in vitro suggests 
that lung macrophage polarization is highly plastic, and thus 
the cells are likely to rapidly repolarize without the need to be 
replaced by newly arriving cells. The analysis of macrophage 
polarization status performed in vivo in a BALB/c mouse model 
(Fig. 1) shows that macrophage polarization changes through- 
out the entire course of cryptococcal infection from baseline to 
M2 during early infection and then to Ml during late infection. 
Earlier studies in this model demonstrated that Ly6C hlgh 
monocytes are recruited and mature into exudate macrophages 
during the first 2 to 3 weeks. Their recruitment peaks at day 14 
postinfection and tapers significantly after that, resulting in 
only a minor late recruitment (10). Based on the comparisons 
of the recruitment and lung macrophage polarization kinetics 
in vivo and how rapidly and uniformly repolarization of mac- 
rophages can occur in response to changing cytokine environ- 
ment, our data favor the hypothesis that macrophages repolar- 
ize in vivo without cell-by-cell replacement. 

While the results presented here show that in vitro macro- 
phages can rapidly repolarize when presented with dynamic 
changes in cytokine concentrations, macrophage polarization can 
result from a variety of other interactions, such as with other cells 
through direct cell-to-cell contact as well as lipid mediators and 
other protein cytokines. Thus, we speculate that repolarization of 
lung macrophages in vivo is influenced by many factors beyond 
the cytokines studied here. Macrophage polarization may well be 
plastic to these additional polarizing factors, but future studies are 
required to elucidate this point. 

Macrophage polarization plasticity has important therapeutic 
implications. This work shows that even profoundly M2-skewed 
macrophages can be repolarized into fungicidal Ml macrophages. 
Thus, putative treatments which would reverse M2 to Ml polar- 
ization in the C. neoformans -infected lung are likely to be benefi- 
cial. Conversely, these data reinforce the importance of pathogen- 
mediated immune modulation, as virulence factors expressed by 
C. neoformans can lead to immune bias that polarizes macro- 
phages toward M2 (11, 18, 39). Depending on the strengths of 
these interactions, C. neoformans can promote its early virulence, 
support its long-term persistence, or overcome any insufficient 
Ml -polarizing signals. Therapeutically reprograming macro- 
phages into Ml cells would be especially beneficial in these cir- 
cumstances. 

In summary, this study has identified that macrophages are 
highly responsive in terms of altering their polarization pattern, 
both in vivo and in vitro. These effects extended to microbicidal 
effects of macrophages, suggesting that future therapeutic strate- 
gies gauged to reprogram macrophages to Ml polarization could 
be a feasible way to improve management of C. neoformans infec- 
tions. 
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MATERIALS AND METHODS 

Culture and opsonization of Cryptococcus neoformans yeast. Cryptococ- 
cus neoformans cultures were grown while being shaken at 37°C for 4 days 
in Sabouraud dextrose broth (1% neopeptone, 2% dextrose; Difco, De- 
troit, MI) as described previously (10, 26). Yeast cells were rinsed in sterile 
saline and then enumerated by a hemocytometer. Yeast preparations for 
all infections, in vivo or in vitro, were serially diluted and plated onto 
Sabouraud dextrose agarose plates, and colonies were counted after 48 h 
to confirm infectious dose. 

In vivo intratracheal infection. BALB/c mice were purchased from 
Jackson Laboratory (Bar Harbor, ME). Animal housing and procedures 
were all approved by the VA institutional animal case and use committees. 
Mice were infected intratracheally as previously described ( 10, 1 1, 26, 39). 
Briefly, mice were anesthetized with ketamine (100 mg/kg of body weight) 
and xylazine (6.8 mg/kg) and immobilized on a surgical board. Under 
sterile technique, the trachea was exposed by incision and then inoculated 
with 10,000 C. neoformans cells (ATCC 24067; Manassas, VA) in 30 /xl 
sterile saline using a 30-gauge needle. The surgical wound was closed with 
cyanoacrylate adhesive, and the mice recovered under thermal support. 
Four mice were infected for each time point, and all mice survived anes- 
thesia and recovered from surgery. 

Macrophage isolation. At the indicated time points following infec- 
tion, mice were sacrificed and their lungs were perfused and collected. 
Single-cell suspensions of leukocytes were isolated from lungs by enzy- 
matic digestion as previously described (10, 26). Macrophages were se- 
lected from digested lung samples by 90-min adherence selection on tissue 
culture plastic. Nonadherent cells were rinsed away, and the remaining 
macrophages were collected in Trizol reagent. 

mRNA purification. Ex vivo and in vitro macrophages were lysed in 
Trizol reagent (Life Technologies, Inc., Gaithersburg, MD), and subse- 
quent isolation of mRNA was conducted as previously described (26). 
Purified mRNA was resuspended in RNase-free water, and the concentra- 
tion was measured using a spectrophotometer. 

Reverse transcriptase PCR. Reverse transcription was performed us- 
ing the Access reverse transcriptase PCR (RT-PCR) system (Promega, 
Madison, WI) as per the manufacturer's instructions. These procedures 
were utilized previously (26). 

Real-time PCR. For real-time quantitative PCR (qPCR), mRNA was 
reverse transcribed into cDNA using the QuantiTect reverse transcription 
kit from Qiagen (Valencia, CA) according to the manufacturer's instruc- 
tions. Expression levels were measured using primers purchased from Life 
Technologies, Inc. (Gaithersburg, MD): arginase sense, CAGAAGAATG 
GAAGAGTCAG; arginase antisense, CAGATATGCAGGGAGTCACC; 
Fizz sense, GGTCCCAGTGCATATGGATGAGACCATAGA; Fizz anti- 
sense, CACCTCTTCACTCGAGGGACAGTTGGCAGC; IL-6 sense (RT- 
PCR only), GACAAAGCCAGAGTCCTTCAGAGAG; IL-6 antisense 
(RT-PCR only), CTAGGTTTGCCGAGTAGATCTC; IL-6 sense (qPCR 
only), GAGGATACCACTCCCAACAGACC; IL-6 antisense (qPCRonly), 
AAGTGCATCATCGTTGTTCATACA; iNOS sense, TTTGCTTCCATG 
CTAATGCGAAAG; iNOS antisense, GCTCTGTTGAGGTCTAAAGGC 
TCCG; TNF-o sense, CCTGTAGCCCACGTCGTAGC; TNF-o antisense, 
AGCAATGACTCCAAAGTAGACC; Ym-2 sense, CAGAACCGTCAGAC 
ATTCATTA; Ym-2 antisense, ATGGTCCTTCCAGTAGGTAATA; 
jS-actin sense, TGGAATCCTGTGGCATCCATGAAAC; jS-actin sense, 
TAAAACGCAGCTCAGTAACAGTCCG; GAPDH sense, TATGTCGTG 
GAGTCTACTGGT; and GAPDH antisense, GAGTTGTCATATTTCT 
CGT. Note that all primer sequences are listed 5' to 3' and were used in 
previously published works (10, 26, 40) except for the IL-6 qPCR primers. 
qPCR reactions used Power SYBR green PCR master mix (Life Technol- 
ogies, Inc., Gaithersburg, MD) using the manufacturer's instructions. Re- 
actions were temperature cycled, and SYBR green levels were measured 
using an Mx3000P system (Stratagene, La Jolla, CA). The cycling param- 
eters were as follows: 95°C for 15 s, 60°C for 30 s, and then 72°C for 30 s for 
a total of 40 cycles. Note that for all qPCR, signally stimulated cells (IFN-y 
alone or IL-4 alone) are assayed along with the experimental sequentially 



stimulated conditions as positive-control Ml or M2 marker gene expres- 
sion, respectively. Expression values were standardized to GAPDH ex- 
pression. Data from the in vivo experiment was displayed as percent 
GAPDH. In order to combine in vitro experimental repeats, it was neces- 
sary to normalize the data to the control conditions indicated in the figure 
legends by dividing the experimental percent GAPDH values by the con- 
trol to calculate "fold change." 

Bone marrow-derived macrophage culture. BMM were cultured as 
previously described (26). Briefly, BALB/c mice were euthanized consis- 
tent with established animal care protocols approved by the VA institu- 
tional animal case and use committees. Tibias and femurs were excised, 
and marrow cells were flushed and dispersed into culture medium. Mar- 
row cells were cultured in Dulbecco's minimal essential medium 
(DMEM) containing 20% fetal calf serum, GlutaMAX, MEM- 
nonessential amino acids, sodium pyruvate, penicillin, and streptomycin 
(all purchased from Life Technologies, Inc., Gaithersburg, MD) and 
50 ng/ml recombinant murine M-CSF (PeproTech, Rocky Hill, NJ) for 
seven days. Ten additional milliliters of the above-described medium was 
added once on the fourth day of culture. For subsequent experiments, 
BMM were removed from differentiation dishes using cold sterile 
pyrogen-free phosphate-buffered saline (PBS) (Life Technologies, Inc., 
Gaithersburg, MD) and subsequently cultured in RPMI 1640 (Life Tech- 
nologies, Inc., Gaithersburg, MD) containing 10% fetal calf serum, Glu- 
taMAX, MEM-nonessential amino acids, sodium pyruvate, and 5 ng/ml 
M-CSF. Note that this 5 ng/ml M-CSF was included in all BMM stimula- 
tion and infection cultures. 

RAW culture. RAW 264.7 macrophage-like cells (ATCC, Manassas, 
VA) were cultured as previously described in DMEM (Life Technologies, 
Inc., Gaithersburg, MD) with 10% fetal calf serum (Life Technologies, 
Inc., Gaithersburg, MD) and penicillin and streptomycin (Life Technol- 
ogies, Inc., Gaithersburg, MD) (26). Cultures were split 1:5 every other 
day. Cells were removed from plates by gentle scraping in fresh medium 
and counted by hemocytometer. 

In vitro stimulation of macrophages with C. neoformans. C. neofor- 
mans cells were cultured, rinsed, and enumerated as described above. For 
some in vitro conditions, C. neoformans strain H99 (ATCC 208821; Ma- 
nassas, VA) were opsonized in 10% normal mouse serum (Innovative 
Research, Novi, MI) at 37°C for 45 min. For stimulation with C. neofor- 
mans RAW macrophages or BMM, 1 X 10 6 macrophages were plated into 
each well of a 24-well tissue culture plate. Macrophages were infected with 
1 X 10 6 , 5 X 10 6 , or 10 X 10 6 opsonized or 5 X 10 6 or 10 X 10 6 unop- 
sonized C. neoformans cells (for 1:1, 5:1, or 10:1 yeast per macrophage) for 
3 h, and then extracellular yeast was washed away. Cultures were incu- 
bated for 24 additional hours and then harvested in Trizol as described 
above or restimulated with 100 ng/ml IFN-y (PeproTech, Rocky Hill, NJ) 
or 20 ng/ml IL-4 (PeproTech, Rocky Hill, NJ) and then harvested into 
Trizol after a second 24-h period. 

Cytokine stimulation. Culture medium on RAW macrophages or 
BMM was replaced with fresh medium, resulting in a final concentration 
of 100 ng/ml IFN-y or 20 ng/ml IL-4, and cultured for 24 h. Cultures were 
split, replated at 1 X 10 6 cells per well in a 24-well plate, and secondarily 
stimulated with IFN-y- or IL-4-containing medium for a second 24-h 
period. At time of harvest, supernatants were reserved for enzyme-linked 
immunosorbent assay (ELISA) and cells were collected for flow cytom- 
etry, RT-PCR, qPCR, or immunofluorescence. 

TNF-a ELISA. TNF-o; secreted from supernatant collected from stim- 
ulated RAW macrophages was measured using mouse TNF-o; ELISA 
MAX standard system (BioLegend, San Diego, CA) using the manufac- 
turer's protocol. 

Flow cytometry. Stimulated RAW macrophages were removed from 
wells and incubated in mouse BD Fc Block (BD Biosciences, San Jose, CA) 
for 30 min on ice. Samples were divided and aliquots stained using anti- 
CD80-phycoerythrin (PE) and anti-CD86-fluorescein isothiocyanate 
(FITC) or anti-I-A d -PE and anti-H-2K d -FITC antibodies (all purchased 
from BD Biosciences, San Jose, CA). Note that expression of these surface 
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proteins is considered a marker for Ml polarization of macrophages. 
Compensation for spectral mixing was applied through flow cytometric 
analysis of cells singly stained with antibodies against CD45 with either PE 
or FITC. Flow cytometry was performed using a FACS LSR2 flow cytom- 
eter. 

Immunofluorescence. RAW macrophages were plated onto glass cov- 
erslips at 5 X 10 5 cells per well on sterile coverslips contained in the wells 
of 6- well plates and then sequentially stimulated with IFN-y and IL-4 as 
described above. After the last stimulation, cells were fixed with 2% para- 
formaldehyde in PBS, permeabilized with 0.1% Triton X-100, blocked 
and stained with anti-iNOS antibody conjugated to FITC, anti-arginase 
antibody conjugated to Alexa Fluor 546 (both from Imgenex, San Diego, 
CA), and DAPI (4',6-diamidino-2-phenylindole) as described in refer- 
ence 26. Images were acquired using a Zeiss LSM510 confocal microscope 
using the appropriate filters. 

Fungicidal activity of macrophages. BMM were sequentially stimu- 
lated as described above and plated at 1 X 10 6 cells per well and then 
infected with 25,000 CFU of normal mouse serum (NMS) -opsonized 
C. neoformans strain H99. Cocultures were harvested after 24 h by centrif- 
ugation of the culture plates. Supernatants were reserved and analyzed for 
nitric oxide by Griess reaction (41, 42). The pellet including the extracel- 
lular and intracellular yeasts was liberated by lysing the macrophages in 
sterile water. The number of C. neoformans CFU was determined by plat- 
ing 10-fold serial dilutions for each sample onto Sabouraud dextrose agar 
plates. Colonies were counted after 48 h, and the total number of C. neo- 
formans CFU was calculated from colony count and dilution. Percent 
inhibition was calculated by dividing the CFU for each well by the average 
CFU in wells without macrophages and then subtracting this from 1 and 
multiplying the result by 100. Note that yeast cell phagocytosis was ob- 
served to be similar and relatively low in all macrophage conditions (un- 
polarized versus Ml versus M2), consistent with previously published 
results (43, 44). Thus, most yeast cells resided in the medium during this 
assay, suggesting that the observed inhibition of yeast growth may involve 
intracellular and extracellular mechanisms. 

Statistics. Graphs represent arithmetic means ± standard errors of the 
means (SEMs). For statistical analysis of data, normality and equality of 
variance of data sets were determined by the Shapiro -Wilk and Levene 
median test, respectively. Those data sets which were normal and had 
equal variance were compared by Student's t test. Note that the percent 
inhibition data (Fig. 7F) and nitric oxide detection data (Fig. 7E) met these 
criteria. The ELISA data (Fig. 4B) and the combined qPCR (Fig. 5B and 7 A 
to D) were not normal and were thus analyzed by Mann- Whitney rank 
sum tests. All statistical tests were calculated using SigmaPlot software 
(Systat Software Inc., San Jose, CA). Significance levels of these tests are 
indicated in the figure legends. * , P < 0.05; **, P < 0.005. 
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